Despite the degeneracy of the genetic code, whereby different codons encode the same amino acid, alternative codons and amino acids are utilized nonrandomly within and between genomes. Such biases in codon and amino acid usage have been demonstrated extensively in prokaryote genomes and likely reflect a balance between the action of mutation, selection, and genetic drift. Here, we quantify the effects of selection and mutation drift as causes of codon and amino acid-usage bias in a large collection of nematode partial genomes from 37 species spanning approximately 700 Myr of evolution, as inferred from expressed sequence tag (EST) measures of gene expression and from base composition variation. Average G 1 C content at silent sites among these taxa ranges from 10% to 63%, and EST counts range more than 100-fold, underlying marked differences between the identities of major codons and optimal codons for a given species as well as influencing patterns of amino acid abundance among taxa. Few species in our sample demonstrate a dominant role of selection in shaping intragenomic codon-usage biases, and these are principally free living rather than parasitic nematodes. This suggests that deviations in effective population size among species, with small effective sizes among parasites, are partly responsible for species differences in the extent to which selection shapes patterns of codon usage. Nevertheless, a consensus set of optimal codons emerges that is common to most taxa, indicating that, with some notable exceptions, selection for translational efficiency and accuracy favors similar sets of codons regardless of the major codon-usage trends defined by base compositional properties of individual nematode genomes.
Introduction
The degeneracy of the genetic code allows for multiple codons to encode the same amino acid. However, degenerate codons are not present at equal frequencies in genes, a phenomenon termed codon-usage bias (Grantham et al. 1980; Sharp et al. 1995; Duret 2002) . Codon-usage bias can be driven by the neutral processes of mutation, genetic drift, and/or biased gene conversion, so the relative abundance of alternative codons might reflect skews in local base composition (Sueoka 1988; Marais 2003) . Additionally, selection for translational efficiency and/or accuracy can skew codon frequencies toward ''optimal'' codons (Ikemura 1982; Duret 2002) . Selection on codon usage can be inferred from genomic correlations with the relative abundance of alternative tRNA molecules or gene copies, gene expression levels, synonymous substitution rates, or skewed levels of polymorphism at synonymous sites (Bennetzen and Hall 1982; Sharp and Li 1987; Akashi 1995; Duret and Mouchiroud 1999) -although an ongoing problem is to quantify the relative importance of selective and neutral forces as causes of codon-usage bias within and between species.
Because the fitness differences associated with the usage of alternative codons are subtle, the selection coefficients (s) involved in adaptive codon-usage bias are very small (s ; 10 À6 ), thus requiring large effective population sizes (N e ) to offset the stochastic effects of genetic drift (N e ; s À1 ) (Li 1987; Bulmer 1991; Akashi 1995) . Indeed, genomes exhibiting the strongest biases in codon usage correspond to species of bacteria and yeast, which can have effective population sizes greatly in excess of 10 6 (Ikemura 1982; Merkl 2003) . The genomes of Drosophila species also have extensive codon-usage bias, as do species of Caenorhabditis and Arabidopsis (Stenico et al. 1994; Akashi 1995; Kreitman and Antezana 1999; Wright et al. 2004) . Despite skewed codon usage in mammals, natural selection does not appear to play a role (Ikemura 1985; Urrutia and Hurst 2001) , with the possible exception of exonic regions involved in splicing (Parmley et al. 2006) . General differences in patterns of codon usage between species are thought principally to be due to mutational processes on base composition (Knight et al. 2001; Chen et al. 2004) . Brownian motion models may capture the predominant dynamics in the divergence of genomic base composition (Haywood-Farmer and Otto 2003) and, therefore, may also describe interspecific dynamics of overall codon-usage trends. However, intraspecific variation fits neutral mutational models less well, suggesting that deviations in the effectiveness of selection among loci is likely an important force shaping patterns of intragenomic codon-usage variation across all domains of life (Knight et al. 2001) .
In addition to changes in overall trends in codon usage, species can evolve different optimal codons for a given amino acid. Changes in optimal codon identity will be difficult to achieve in genomes subject to consistent selection favoring particular alternative codons because 1) a change in optimal codon identity will result in substantial genetic load, due to the immediate selective costs of those highly expressed genes that contain high frequencies of the prior optimal codon (which is now nonoptimal) and 2) such shifts likely require alterations in tRNA gene abundances in a genome. Thus, evolutionary transitions in the identity of optimal codons are expected to occur only rarely, although this issue has received relatively little attention (Kreitman and Antezana 1999; McVean and Vieira 1999; Herbeck and Novembre 2003; Wall and Herbeck 2003) . Shifts in the identity of optimal codons may be facilitated by a period of relaxed selection on codon usage (due to reduced effective population size), permitting changes in isoaccepting tRNA gene abundance and codon frequencies to accumulate by mutation drift, so that subsequent, more effective selection (through increased effective population size) could yield different optimal codons. Although genomic analyses of codon bias have provided robust descriptions for prokaryote and individual eukaryote genomes, the few taxonomically dense studies available in eukaryotes focus on individual genes (Morton and Levin 1997; Herbeck and Novembre 2003; Wall and Herbeck 2003) . A more complete comparative context requires simultaneous analysis of codon bias for collections of many genes from many eukaryote taxa.
Processes that shape nonrandom usage of alternative codons also have the potential to skew the relative abundance of different amino acids used in proteins. This can occur due to neutral processes because the base compositions of all the codons encoding a given amino acid may be GC rich or GC poor (Foster et al. 1997) . Alternatively, selection may skew amino acid frequencies because functionally similar amino acids may have different tRNA abundances or require different metabolic costs for their production (Barrai et al. 1995; Akashi and Gojobori 2002; Seligmann 2003) . Base composition in a number of species has been shown to correlate with the amino acid content of proteins (Sueoka 1961; D'Onofrio et al. 1991; Foster et al. 1997; Lobry 1997; Gu et al. 1998; Singer and Hickey 2000) ; likewise, abundant and rare proteins can have different amino acid profiles (Akashi and Gojobori 2002; Merkl 2003) . However, gene function may confound the interpretation of differences in amino acid frequencies of the encoded proteins; for example, highly abundant proteins might share similar functions, so similarity in amino acid profiles among them could simply reflect their common peptide domains rather than selection for efficient and/or accurate translation.
Here, we characterize patterns of codon-usage bias for partial genomes of 37 nematode species, using a large sample of expressed sequence tags (ESTs; 248,000 plus 257,000 from Caenorhabditis elegans) corresponding to nearly 100,000 genes (Parkinson, Mitreva, et al. 2004) . We infer the set of optimal codons for each species and describe the relative importance of neutral and selective forces in shaping skews in the usage of degenerate codons and different amino acids. We find that selection on codon usage is widespread in free-living nematode species and, correspondingly, that these species or their recent ancestors are likely to have very large effective population sizes. However, most of the parasitic species show little evidence for selection dominating their biases in codon usage. We suggest that the parasitic lifestyle limits their effective population sizes and, therefore, that the stochastic processes of mutation and genetic drift largely determine their patterns of skew in codon usage.
Materials and Methods

EST Inference
The collection of ESTs for each species derives from a collaborative sequencing effort for a large number of nematode species (Parkinson, Mitreva, et al. 2004; Mitreva et al. 2005) . For brevity, we refer to the 36 species included in this study by their 2-letter designations indicated in table 1. All ESTs from these species were processed with the PartiGene system, an integrated sequence analysis suite for transcriptomic data (Parkinson, Anthony, et al. 2004) . To reduce the redundancy of the EST data sets, the sequences were first clustered using the CLOBB program (Parkinson et al. 2002) , and consensus sequences for each cluster were assembled with Phrap (Ewing and Green 1998) . Because ESTs derive from single-pass reads, most ESTs cover only part of the transcribed mRNA and may have base-call errors including reading frameshifts or ambiguous bases. Furthermore, an EST may be composed partly or completely of untranslated region and, therefore, not represent any part of the polypeptide sequence. To overcome these obstacles for generating EST consensus clusters for inferring correct coding sequence, we implemented prot4EST for peptide translation . prot4EST compares the peptide predictions of several translation algorithms and retrieves the most plausible translation. The parameters for prot4EST were optimized separately for each nematode species, collectively yielding the nematode peptide database NemPep (JD Wasmuth, unpublished data). NemPep v. 3 (June 2005) was used for these analyses, with the EST clusters and their polypeptide translations available through NEMBASE . Data labeled as Parastrongyloides trichosuri sequences in NEMBASE were not included in the analysis because we identified a strongly bimodal distribution of G 1 C at 4-fold silent sites (modes at ;12% and ;50%), raising doubts about the species integrity of this data set. Hereafter, we refer to the 116,919 EST clusters derived from 314,095 ESTs and their peptide translations used in this analysis simply as ''genes,'' recognizing that in most cases they do not represent full-length coding sequences. ESTs predicted to correspond to mitochondrial genes were excluded from analysis, and all analyses were limited to the subset of 82,677 genes with !100 codons. For comparison, we also acquired 14,527 C. elegans full-length coding sequences that had corresponding ESTs available from Wormbase release WS140 (257,027 ESTs total; only one splice form per gene was considered).
Codon-and Amino Acid-Usage Calculations and Analysis
For each gene, we computed codon-usage bias with ENC, the effective number of codons (Wright 1990) , and F op , the frequency of optimal codons inferred from DRSCU analysis (Ikemura 1985; Duret and Mouchiroud 1999 )(see below). ENC, calculated here with the program INCA v2.0 (Supek and Vlahovicek 2004) , measures departures from uniform codon usage without dependence on sequence length or specific knowledge of preferred codons, although it is affected by base composition (Comeron and Aguade 1998; Novembre 2002) . A variant of ENC, N# c , was also calculated with INCA in an attempt to take account of background base composition by using average nucleotide frequencies among ESTs for a given species (Novembre 2002) ; however, the lack of direct ortholog comparisons and of noncoding sequence information for these ESTs limits the potential advantages of the N# c statistic. After inferring optimal codons, we calculated F op using codonW with customized optimal codon tables (J Peden, http://codonw.sourceforge.net). We also computed the relative synonymous codon usage (RSCU) of each codon in each gene, which quantifies the abundance of each codon relative to that expected under equal usage of alternative codons of the same amino acid. Heat maps of RSCU were constructed with CIMMiner (http://discover. nci.nih.gov/cimminer) (Weinstein et al. 1997) . For several analyses, we partitioned loci by the observed counts of ESTs to define expression levels as low (n 5 1), medium (1 , n , n 90 ), and high (n ! n 90 ), where n 90 is the speciesspecific 90th percentile count of ESTs (n 90 ranged from 2 to 8; C. elegans n 90 5 38).
Putative optimal codons were inferred for each species based on departures from equal codon usage by sets of loci with high and low gene expression (DRSCU), as inferred from EST counts (Duret and Mouchiroud 1999) . DRSCU for a given codon is the difference between the average RSCU of genes with high and low expression (significance tested using 1-way analysis of variance (ANOVA) in JMP v5.0). We used the putatively optimal codons identified by this DRSCU analysis to compute F op , using either the species-specific set of optimal codons or a consensus set of optimal codons (F cop ). In calculation of C. elegans F op , we used the standard set of optimal codons previously described for this species (Stenico et al. 1994) . We found that alternative approaches to identifying optimal codons, as implemented in CodonW (J Peden, http://codonw.sourceforge. net) and codbiasML (Slatkin and Novembre 2003; Wall and Herbeck 2003) did not satisfactorily separate the potential effects of selection from base composition, yielding sets of putatively optimal codons that closely mirrored the sets of codons with high overall RSCU in fig. 1 (i.e., major codons). In the case of correspondence analysis, this is due to the confounding effect of GC content on ENC because codonW uses ENC to partition genes rather than a more direct measure of gene expression. We follow the distinction of previous studies between major and optimal codons (Duret and Mouchiroud 1999; Kliman et al. 2003) , where major codons exhibit RSCU . 1 and optimal codons have DRSCU . 0 at P , 0.05. Optimal codons were mapped onto the nematode phylogeny in Mesquite (Stenico et al. 1994; Duret and Mouchiroud 1999) , DRSCU 1 is likely to be useful for comparing codon-bias information for different taxa that use different sets of genes. We tested for evidence of an effect of natural selection in shaping codon-bias patterns by identifying significant Spearman rank correlation coefficients (q) between measures of codon bias and gene expression (as estimated from counts of ESTs) or base composition (third-position silent G 1 C content, GC3s) using the R statistical package (http://www.r-project.org). Because EST data do not provide noncoding DNA for most genes to allow inference of background base composition, we rely on GC3s as an index of base composition. GC3s was calculated with INCA from 4-fold silent sites (Supek and Vlahovicek 2004) . To infer the relative importance of neutral and selective processes in shaping codon-usage bias of each species, we constructed ANOVA models in JMP v. 5 for codon-usage bias (F op ) as a function of base composition (GC3s), expression level (log 10 -transformed EST counts), EST length (log 10 transformed), and all pairwise interactions.
Amino acid frequencies were calculated for each gene, along with the fraction of GC-rich and GC-poor amino acids defined previously as FYMINK (phenylalanine, tyrosine, methionine, isoleucine, asparagine, and lysine) and GARP (glycine, alanine, arginine, and proline), respectively (Foster et al. 1997 ). Amino acid frequencies were then used to test for differential effects of base composition and gene expression on protein-level characteristics using Spearman rank correlations and 1-way ANOVA.
Molecular Phylogeny of 37 Nematode Species
Based upon the data set from Blaxter et al. (1998) , we estimated the phylogenetic relationships of the 37 species using an alignment of nuclear small subunit ribosomal RNA genes to place taxa absent from previous phylogenetic studies. The alignment was analyzed in PAUP v.4b.10 (Swofford 2001) using the Neighbor-Joining method and a General Time Reversible 1 G 1 I model of sequence evolution selected as best describing the data by Modeltest 3.0 (Posada and Crandall 1998) . The robustness of the phylogeny was assessed by 1,000 bootstrap replicates, and nodes with support less than 70% collapsed to form polytomies. Where terminal nodes overlap, the phylogeny agrees with that defined previously (Blaxter et al. 1998 ) and confirmed in a more recent and comprehensive analysis (Meldal et al. 2006) . The phylum can be divided into 5 major clades (termed clades I, II, III, IV, and V; clade II is not sampled here), which diverged approximately 700 MYA (Blaxter 1998) . All members of clade III are parasitic, but the representatives of clades IV and V analyzed here include both free-living and parasitic species. Although many members of clade I are nonparasitic, only animal and plant parasites are included in this study. Based on this phylogeny, we used COMPARE to conduct phylogenetic mixed model (PMM) analyses of interspecific trait variation (Lynch 1991 ; E. Martins, http://compare.bio.indiana.edu). We generated 50 random topologies concordant with the polytomous nodes, using default parameters in COMPARE, to account for uncertainty in the tree; we report the resulting phylogenetic and ahistorical trait correlations.
Results
Base Composition and Gene Expression Both Affect Synonymous Codon Usage
An unrivalled resource of genomic data in the form of EST data sets is available for the phylum Nematoda, comprising a collection of 37 species that span its phylogenetic diversity (table 1; fig. 1 ). Our analysis incorporates an average of 2,284 genes per species (excluding C. elegans), each at least 100 amino acids long and with an average of 3.0 EST hits. Codon usage is highly nonrandom for all 37 nematode taxa (including C. elegans), and these species also differ dramatically in overall base composition, ranging from an average of 10-63% G 1 C bases at 4-fold silent sites (GC3s) (table 1; fig. 1 ). It is clear that base compositional differences among species contributes, at least in part, to their different relative usage of synonymous codons, with alternative codons with more G or C bases being incorporated relatively more frequently in high G 1 C content genomes (and vice versa for low G 1 C content genomes; fig. 1 ). However, we also find that many nematode species show significant codon-usage differences between genes from high and low classes of gene expression ( fig. 2 ; similar results are observed for codon-bias indices other than N# c ). Likewise, codon bias (F op ) correlates positively with expression levels for many taxa independently of base composition, which is expected if selection for translational efficiency and accuracy contributes to codon bias ( fig. 2 ).
Identification and Analysis of Optimal Codons
Given the inference that both neutral and selective forces shape codon-usage patterns, we identified putatively optimal codons. We calculated the RSCU for each codon in each gene of a given species and tested for a difference between those genes with high and low EST counts (DRSCU; Duret and Mouchiroud 1999); we considered as optimal those codons with significantly higher RSCU among genes with high EST counts. The resulting putatively optimal codons for each nematode species are summarized in figure  3 , and figure 1B gives a graphical representation of the continuous range of DRSCU values. Nineteen ''consensus'' optimal codons were observed across many species, including codons for all degenerate amino acids except proline, plus 2 codons for each of the 6-fold degenerate amino acids leucine and serine ( fig. 3 ). These 19 consensus optimal codons overlap completely with the optimal codons described previously for C. elegans, lacking only the proline CCA, alanine GCT, and serine TCT codons (Stenico et al. 1994 ). For C. elegans, the DRSCU approach identifies the previously derived set of optimal codons (Stenico et al. 1994) , plus the TCG codon of serine, to have significantly greater representation among highly expressed genes. To summarize consistency with the 19 consensus codons, we introduce 2 simple indices: p c , the fraction of the consensus codons identified as optimal in a given species, and p t , the fraction of the total number of optimal codons in a species that are consensus optimal codons. Those taxa showing the greatest consistency with the consensus optimal codons (high p c ) also have the most optimal codons identified (q 5 0.96, P , 0.0001; PMM phylogenetic correlation 5 0.12, ahistorical correlation 5 0.94; supplementary fig 1, Supplementary Material online), suggesting that 1) the 19 consensus codons likely represent close to the full complement of optimal codons in these taxa, and 2) even deeply divergent nematodes have relatively similar sets of optimal codons.
The number of optimal codons identified in a species depends strongly on the number of genes represented in the sample (Spearman's q 5 0.70, P , 0.0001; PMM phylogenetic correlation 5 0.10, ahistorical correlation 5 0.55), indicating that the power to detect putatively optimal codons is in part limited by sample size. However, p t shows no strong association with gene number (PMM phylogenetic correlation 5 0.04, ahistorical correlation 5 0.17), with mean p t highest in clade IV and clade V nematodes and lowest for species in clades I and III. Analyses using ANOVA with clade affiliation as a covariate give similar results (not shown). Thus, 1) the codons identified as optimal in taxa with few genes represented may not correspond to the full complement of optimal codons in those species and 2) the consensus optimal codons are primarily indicative of species in clades IV and V. Putative evolutionary changes in optimal codon identity are represented in the phylogenetic character mapping of optimal codons (supplementary fig. 2 , Supplementary Material online), although the issue of sample size must also be considered when attempting to infer loss of optimal codons.
Differences in Codon-Usage Bias among Species
Given the identities of putatively optimal codons, we computed F op and F cop , the frequencies of species-specific optimal and consensus optimal codons, respectively (table 1; Ikemura 1985) . Among the various codon-bias indices (including ENC and N# c ), F op correlates least with GC3s (PMM phylogenetic correlation 5 À0.02, ahistorical correlation 5 0.46; supplementary fig. 3 , Supplementary Material online); consequently, we prefer F op as a summary of selection on codon usage within a species. However, for comparing among taxa, averages of all of these codon-bias statistics give a poor indication of overall selection on codon usage for a species, due to covariation with base composition (supplementary fig. 3 , Supplementary Material online). As an alternative, we consider average withinspecies DRSCU as an index of the strength of selection on codon usage for comparisons among taxa (DRSCU 1 ) and identify 6 outlier species with a particularly strong evidence of selection on codon usage (CE, PP, NB, SR, SS, and ZP; fig. 4 ).
In an effort to partition the variation in codon usage among loci into independent components associated with selective and nonselective factors, we constructed ANOVA models to describe intraspecific variation in F op as a function of base composition (GC3s), gene expression (counts of ESTs), EST length, and their interactions. For 35 of the 37 species, codon-usage bias showed significant independent associations with gene expression in the direction predicted by the action of selection on codon usage (fig. 2B) . However, base composition explains a much greater fraction of the variation in codon bias for many species than does gene expression ( fig. 2B ). Among those species with a strong effect of gene expression, EST length was frequently negatively associated with codon bias, whereas a positive correlation with length was more common amongst species with a weak correlation between codon-bias and expression level ( fig. 2B ). Pairwise interaction terms also contributed significantly to variation in codon-usage bias in some species, indicating that variation in the frequency of optimal codons is not always explained by a simple combination of factors. Although most of the species that show a large fraction of their variance in F op explained by EST abundance in multivariate ANOVA tests also exhibit strong consistency with the 19 consensus codons (e.g., NB, PP, AY, NA, and AC), some species with only a weak effect of EST abundance on F op also identify most of the same 19 consensus codons as optimal by the DRSCU analysis (e.g., HG, GR, and MH). Thus, correlations between F op and gene expression do not necessarily capture a complete picture of the role of selection on codon usage. This is partly due to the ANOVA approach being unable to perfectly disentangle the issue of base composition because optimal codons tend to be GC rich and noncoding sequence is unavailable to accurately quantify local background GC content (Marais and Duret 2001) ; indeed, some studies have used GC3s itself as an index of codon bias (Tiffin and Hahn 2002; Wright et al. 2002) . Consequently, selection may be the source of a portion of the variation in F op that is explained by GC3s.
Nonrandom Amino Acid Usage
The relative abundance of amino acids that are rich in guanine and cytosine (glycine, alanine, arginine, and proline; GARP amino acids) is low within GC-poor nematode genomes, whereas such genomes show a high relative abundance of amino acids that are rich in adenine and thymine (phenylalanine, tyrosine, methionine, isoleucine, asparagine, and lysine; FYMINK amino acids) (GARP 3 GC3s PMM phylogenetic correlation 5 À0.11, ahistorical correlation 5 À0.79; FYMINK 3 GC3s PMM phylogenetic correlation 5 0.20, ahistorical correlation 5 0.79; fig. 5A ). These associations also are evident within species (low-GC genes exhibit reduced GARP levels and elevated levels of FYMINK amino acids; PMM phylogenetic correlation 5 À0.13, ahistorical correlation 5 À0.86; fig. 5B ). Thus, patterns of base composition within and between genomes influence patterns of amino acid usage, in addition to synonymous codon usage, among the species included in these analyses. The amino acid composition of genes also varies as a function of gene expression, such that some amino acids tend to be more abundant (e.g., Gly, Ala, and Lys) or less abundant (e.g., Ser, Leu, Phe, Ile, and Asn) in genes with many ESTs (supplementary fig. 4 , Supplementary Material online). This can also be quantified in terms of the average DRSCU 1 per amino acid for each species, which indicates that some amino acids (mainly the highly degenerate amino acids) tend to exhibit more strongly biased codon-usage patterns in highly expressed genes than do other amino acids (e.g., Arg, Leu, and Ser; supplementary fig. 5, Supplementary Material online) . However, it is unclear whether these observations reflect different selective costs of functionally similar amino acids, variation in the abundance of protein classes with different peptide domain characteristics among highly and lowly expressed genes, or a combination of factors.
Discussion
Neutral and Selective Forces Shape Codon Usage in Nematodes
Selection for translational efficiency and/or accuracy has long been believed to be a cause of codon-usage biases in the C. elegans genome (Stenico et al. 1994) , with supporting evidence from diverse data sets (Duret and Mouchiroud 1999; Duret 2000; Marais and Duret 2001; Castillo-Davis and Hartl 2002; Cutter et al. 2003; Cutter and Ward 2005) . Here we show that such selection on codon bias extends to diverse members of the phylum Nematoda. In addition, the local base composition of genes and the overall pattern of base composition in a genome contribute to variation in codon-usage bias within and between nematode species: the stronger the skew in base composition, the greater the bias in codon usage. We also demonstrate that previous observations of stronger codon bias in short genes (Moriyama and Powell 1998; Duret and Mouchiroud 1999; Coghlan and Wolfe 2000) is repeated in several species of nematodes, particularly among those that have a strong influence of gene expression on their patterns of codon usage. However, we emphasize that it is not appropriate to infer the relative strength of selection among species using average ENC or F op because of their covariation with base composition or use of different sets of optimal codons (Comeron and Aguade 1998; Herbeck and Novembre 2003 )(supplementary fig. 3, Supplementary Material online) . We propose to quantify the importance of selection on codon usage among species using the relative values of DRSCU averaged across amino acids, although this DRSCU 1 statistic also may be an imperfect index. Most nematodes with evidence for adaptive codon bias preferentially utilize a consensus set of codons in genes with high expression, although phylogenetic history and skewed genomic base composition appear to play a role in the evolution of some alternative optimal codons. Among these 37 species, exhibiting a very wide range of average GC content, it is important to differentiate between codons that are used more often overall (major codons) from those that differ in abundance in relation to gene expression (optimal codons) because major codons are strongly influenced by base composition and frequently are not identified as optimal.
Alternative Sets of Optimal Codons
The collection of inferred optimal codons for most species corresponds to a set of 19 consensus optimal codons for 17 amino acids. In the case of 5 amino acids, none of the 37 species exhibits a preference for the alternative codon ( fig. 3, supplementary fig. 2 , Supplementary Material online). This trend illustrates the impressive consistency in optimal codon identities across hundreds of millions of years of nematode evolution, as has also been suggested in bacteria, yeast, and Drosophila (Ikemura 1985; Kreitman and Antezana 1999) . However, the sets of optimal codons for all species deviate from the consensus in one or more ways: 1) the identity of the optimal codon has switched to an alternative degenerate codon, 2) an additional optimal codon increases the number of optimal codons for an amino acid, and 3) no optimal codon is present for a given amino acid. In those species with strong evidence of selection on codon usage, it is reasonable to ascribe differences from the consensus optimal codon set to evolutionary processes (e.g., gain of proline CCC and serine TCT in Pristionchus pacificus, switch to alanine GCG and serine TCG in Heterodera glycines). In particular, such shifts may indicate selection-shaping changes in codon preference in association with differences in effective population size (Kreitman and Antezana 1999) . We also speculate that the extreme base composition bias toward A/T in the 2 Strongyloides species might have contributed a selective force involved in switches in optimal codons for glutamic acid (CAG to CAA) and proline (CCC to CCA). Studies of single organelle genes in large collections of insect and plant taxa similarly found relatively few transitions in optimal codon identity, with shifts involving 2 preferred codons in 4-and 6-fold degenerate amino acids being more prevalent than shifts between alternative 2-fold degenerate codons (Herbeck and Novembre 2003; Wall and Herbeck 2003) .
Putatively optimal codons also are missing for many amino acids in some species. For some cases, this probably reflects limited power to identify optimal codons due to small sample size of genes sequenced (e.g., HS and PV), whereas for other species for which many genes were included in analysis, selection may be unable to distinguish between alternative codons in some amino acids with particularly weak selection (e.g., TS, MC, BM, and OV). Small effective population size might allow genetic drift to lead to shifts in codon preference and, more generally, eliminate patterns of codon preference (Kreitman and Antezana 1999) . Differences in the isoaccepting tRNA pools within cells during different stages of development also could weaken selection for codon bias (Moriyama and Powell 1997) . We infer that there is no role of selection-shaping patterns of codon bias in species with only a few putatively optimal codons that differ from the consensus set with low statistical support (e.g., TV, TS, DI, RS, and WB). Additionally, species with few genes analyzed must await further data for a final determination of the full complement of optimal codons (e.g., ZP).
Several codons were universally underrepresented across species (arginine AGG, glycine GGG, isoleucine ATA, leucine CTA, and valine GTA). The glycine GGG codon is also rarely used in Drosophila species and Escherichia coli, probably due to a detrimental effect on mRNA tertiary structure (Kreitman and Antezana 1999) . However, it is less clear why the other codons are so rare in both absolute terms and especially in highly expressed genes.
Differences in codon usage for several amino acids reflect an effect of phylogeny. For example, all Meloidogyne species and most Spiruromorph nematodes (including Brugia malayi) use the leucine TTG as an optimal codon, whereas their nearest outgroup species do not. By contrast, ahistorical features also contribute to alternative codon preferences. For example, several unrelated low-GC genomes preferentially use isoleucine ATT and threonine ACT codons, unlike their nearest relatives with higher GCcontent. Optimal codon changes among species for alanine and threonine illustrate the potential for both phylogeny and base composition to affect the loss, gain, and switching of optimal codon identities ( fig. 6, supplementary fig. 2 , Supplementary Material online), although the long phylogenetic timescale and predominance of parasitic species in this data set makes any inference of ancestral states preliminary.
Nonrandom Patterns of Amino Acid Usage
In addition to affecting codon-usage patterns, genomic base composition also influences amino acid usage in these nematode species. Specifically, the incidence of GC-poor amino acids is greater among proteins of species with overall low GC content (and vice versa for GC-rich amino acids; FYMINK 3 GC3s PMM phylogenetic correlation 5 0.20, ahistorical correlation 5 À0.79; GARP 3 GC3s PMM phylogenetic correlation 5 À0.11, ahistorical correlation 5 0.79). These findings are entirely consistent with previous reports for bacteria (Sueoka 1961; Gu et al. 1998; Singer and Hickey 2000) , plants (Wang et al. 2004) , and animals (D'Onofrio et al. 1991; Porter 1995; Foster et al. 1997) . The problems that this may cause for phylogenetic reconstruction based on peptide alignments has long been noted (Steel et al. 1993) , making appropriate models of nucleotide change an important feature of analyses of divergence and gene prediction.
We also report that certain amino acids are more common among highly expressed genes, as has been shown previously in bacteria (Akashi and Gojobori 2002; Merkl 2003) . It is tempting to apply an adaptationist explanation to this pattern, such that overrepresented amino acids might be metabolically less costly (Akashi and Gojobori 2002) or have correspondingly higher tRNA abundances, permitting greater translational efficiency or accuracy. However, it will be important to rule out the possibility that this pattern simply reflects base composition effects or the kinds of genes that are expressed at high levels (e.g., multigene families and classes of genes with similar domain structures) before concluding that some amino acids confer a selective advantage when incorporated into abundant proteins in place of functionally equivalent amino acids. Nevertheless, the propensity for optimal codons to be identified more frequently for some amino acids (e.g., Phe vs. Gln, Thr vs. Pro, and Leu vs. Ser) and for the magnitude of DRSCU to be greater for some amino acids than others (e.g., Arg, Leu, and Ser) suggests that the strength of selection does differ among amino acids, perhaps reflecting a ''hierarchy of selection coefficients' ' (McVean and Vieira 2001) . Similar variation among amino acids in E. coli and in Drosophila species has been interpreted as evidence of different strengths of selection for optimal codons in different amino acids (Moriyama and Powell 1997; McVean and Vieira 2001; Fuglsang 2003) .
Selection on Codon Usage: Life History Characters and Population Genetic Implications
Life history characteristics are known to contribute to differences in codon-usage patterns in bacteria and archaea. For instance, thermophilic and mesophilic species exhibit different patterns independently of base compositional effects (McDonald 2001; Carbone et al. 2005) . However, comparable discrepancies associated with life history have been less forthcoming in eukaryotes, for example, in terms of the expected differences for species with alternative modes of reproduction (Tiffin and Hahn 2002; Wright et al. 2002) . The nematode species considered in this study differ in life history along several axes, including parasitism, host specificity, and mode of reproduction. We observe no obvious pattern associated with host specificity or breeding system, in contrast to the incidence of a parasitic versus free-living lifestyle. Only 3 species in this data set are free living (PP, ZP, C. elegans), and all 3 demonstrate robust evidence for selection on codon-usage bias, compared with only 3 of 35 parasitic species (fig. 4) . Furthermore, of these 3 parasitic species, the 2 Strongyloides species are unusual in that they have a free-living stage (Viney 1999) . Species with larger effective population sizes are expected to exhibit stronger adaptive bias among codons. This suggests that nematodes with obligate or facultative free-living life histories may in general have larger effective population sizes than obligate parasites and, additionally, that many obligate parasitic nematodes will not respond efficiently to the weak selection that acts on codon usage. Nippostrongylus brasiliensis also exhibits strong selection on codonusage bias, yet this rat parasite does not have obvious features of lifestyle or abundance in the wild that that are known to differ from its close relatives (including the human hookworms and sheep barber pole nematode) that could explain this finding. However, it is important to point out that the selection differential between alternative codons in highly expressed genes is sufficient to allow detection of some optimal codons in most taxa, including parasites.
Given that natural selection contributes to nonrandom codon usage in nematodes, these data also inform questions relating to the relative strength of selection for efficient translation of different amino acids. McVean and Vieira (2001) incorporate the notion of a hierarchy of selection coefficients among amino acids into their models of selection on codon-usage bias. A hierarchy of selection coefficients would suggest that DRSCU will be greater for codons subject to stronger selection, so the ranking of codons in fig.  1B may provide a gauge of the relative strength of selection on different codons. To more completely dissect the role of selection in shaping codon-usage patterns, it would be ideal to obtain polymorphism data to quantify the strength of selection, as has been done for species of Drosophila (e.g., Hartle et al. 1994; Akashi 1995; McVean and Vieira 2001; Maside, Lee, and Charlesworth 2004) , humans (Williamson et al. 2005) , and the nematode C. remanei (Cutter and Charlesworth 2006) .
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